The largest uncertainty in the ice sheet models used to predict future sea level rise originates from our limited understanding of processes at the ice/bed interface. Near glacier termini, where basal sliding controls ice flow, most predictive ice sheet models use a parameterization of sliding that has been theoretically derived for glacier flow over a hard bed. We find that this sliding relation does not apply to the 140 Greenland glaciers that we analyzed. There is no relationship between basal sliding and frictional stress at the glacier bed, contrary to theoretical predictions. There is a strong relationship between sliding speed and net pressure at the glacier bed. This latter finding is in agreement with earlier observations of mountain glaciers that have been largely overlooked by the glaciological community.
The largest uncertainty in the ice sheet models used to predict future sea level rise originates from our limited understanding of processes at the ice/bed interface. Near glacier termini, where basal sliding controls ice flow, most predictive ice sheet models use a parameterization of sliding that has been theoretically derived for glacier flow over a hard bed. We find that this sliding relation does not apply to the 140 Greenland glaciers that we analyzed. There is no relationship between basal sliding and frictional stress at the glacier bed, contrary to theoretical predictions. There is a strong relationship between sliding speed and net pressure at the glacier bed. This latter finding is in agreement with earlier observations of mountain glaciers that have been largely overlooked by the glaciological community.
T he Greenland Ice Sheet (GrIS) has lost mass at an accelerated rate over the past two decades (1, 2), a conclusion that the Intergovernmental Panel on Climate Change's Fifth Assessment Report states with "high confidence" (3) . However, projections for future mass loss are at a "fairly early stage" (3), particularly regarding predictions of outlet glacier behavior (4) (5) (6) (7) . In Greenland, drainage of interior ice is accomplished through some 242 outlet glaciers (8) , the majority of which move at speeds that cannot be achieved by internal deformation alone, indicating that basal sliding is an important contributor to ice discharge and mass loss to the oceans. Parameterizing how ice flows over its bed (the "sliding relation"), and how this flow varies over space and time and in a changing climate, remains a long-held goal for ice sheet modelers.
Processes operating at the ice/bed interface involve interactions among ice, water, and geological solids (9) . The complexity of these processes may preclude the formulation of a simple model or law describing how the basal ice velocity is related to properties such as basal drag, water pressure and water quantity beneath the glacier, sediment viscosity, and a number of other factors. Nevertheless, it is important to evaluate whether any proposed sliding relation actually applies to real ice sheets. This is of particular relevance because recent studies suggest that the behavior and sensitivity of marine-terminating outlet glaciers may depend critically on the prescribed sliding law (10) .
Most ice sheet models rely on a sliding relation that relates the sliding velocity to frictional stress (the modified Weertman model) (11) , applicable when the interface is a hard bed
where U s represents the sliding velocity, t b is friction at the ice/bed interface, N e is the effective pressure at the glacier bed (the difference between the weight of the ice and water pressure at the bed), and p and q are unknown exponents assumed to be constant over the ice sheet. The sliding parameter, A s , is often assumed to be a function of available meltwater to simulate seasonal speed-up events (7), whereas the effective pressure is often equated with the height above buoyancy (7)
Here, H is the ice thickness, D is the water depth, and r w and r i are the density of seawater and ice, respectively. Taking the natural logarithm of Eq. 1 allows the effects of basal drag and effective pressure on the sliding velocity to be investigated separately, that is
In this study, we explore the sliding relation (Eq. 3) using measurements of ice velocity and estimates of basal drag for the trunks of 140 outlet glaciers that move at speeds exceeding 50 m/year (the locations of these glaciers are shown in Fig. 1 , and their coordinates are listed in table S1). We selected this velocity threshold to ensure that basal sliding is the dominant mode of ice discharge. We estimated basal drag using the force-budget technique (12, 13) , which calculates depth-averaged resistive stresses from measured surface strain rates; comparison with the driving stress then yields the basal drag from the requirement that the net force acting on a section of the glacier must be zero. The assumption that surface values of strain rates can be used to estimate strain rates at depth may introduce some error in the estimated basal drag, although this error is believed to be small in regions of fast sliding (13) . The main advantage of using the force-budget technique is that results do not require a sliding relation to be prescribed. This is in contrast to the control-methods approach (14-16), which finds a solution that best represents observed velocities given a relation between basal drag and basal velocity.
Our results show that the relationship between basal drag and sliding velocity does not follow Weertman-style behavior; there is no obvious relation between the natural logarithm of sliding velocity and that of basal drag. This is illustrated in Fig. 2A for the three big glaciers that account for about 40% of the discharge from the GrIS. The slope of the regression line (p in Eq. 3) is not significantly different from zero (as determined from the standard t test). Similar patterns are evident for the remaining 137 glaciers (fig. S1, table S1, and data S1).
Next, we assessed the relationship between effective pressure N e and sliding velocity. Assuming that near the terminus, subglacial water has an easy connection to the ocean, we substituted effective pressure with height above buoyancy (7), calculated from ice geometry and water depth (17) (Eq. 2). Sliding velocity increases as the glacier approaches flotation (low height above buoyancy) (Fig. 2B) . We can calculate the exponent (q; Eq. 1) as the slope of the line in log-log space. (Here the slope is negative because N e appears in the denominator.) In some cases, a second-order polynomial yields a somewhat better fit to the data (as determined from the coefficient of determination, R 2 ), especially close to the grounding line where effective pressure approaches zero. However, implementing a higherorder exponent in the sliding relation may not be numerically feasible. We find that the best linear fit for each glacier varies slightly (shown for Jakobshavn Isbrae, Kangerdlugssuaq Glacier, and Helheim Glacier in Fig. 2B ), but for 90% of the 140 Greenland glaciers that we studied, the slope falls between -1.0 and -0.1, with a mean around -0.5 (Fig. 3) . Results of t tests show that the derived slopes are significant ( fig. S2 and table S1 ).
Given the complexity of processes acting at the bed of a glacier, it is not surprising that we calculated a small range in the exponent used to relate height above buoyancy (effective pressure) to basal sliding. However, without fully understanding the physics underlying basal sliding, it is impractical to assign a unique exponent to each outlet glacier in an ice sheet model. In first approximation, the value q = 0.5 can be applied to all glaciers.
Our finding that height above buoyancy can be used to approximate the sliding parameter is in agreement with earlier studies of mountain glaciers. In particular, a simple inverse relation between effective pressure and sliding speed, U s = A s N e -q , was found with q = 0.61 for Findelengletscher (Switzerland) and q = 0.49 for Storglaciären (Sweden) (18) . Similar values of the exponent for mountain glaciers and ice sheet outlet glaciers imply that the processes responsible for sliding variations are also similar (18) .
By adopting a sliding relation with the ice speed inversely proportional to height above buoyancy only, we can investigate the spatial pattern in the sliding parameter (Fig. 4) . Our results show that the sliding parameter for individual glaciers remains relatively constant (Fig. 4D) 
In ice sheet models, the sliding parameter needs to be tuned to reproduce both spatial and temporal variability in ice velocity. Our results show that a modified sliding relation can capture both the large-scale spatial (Fig. 4) and temporal (Fig. 5) changes in ice velocity. However, because effective pressure at the glacier base is estimated from height above buoyancy, this approximation cannot explain short-term (e.g., seasonal) variations in sliding velocity. Over short time scales, changes in surface elevation, and thus in height above buoyancy, are too small to produce the large observed velocity changes. This relationship is illustrated by the circles and triangles in Fig. 5 , which correspond to seasonal changes on Helheim Glacier (19) (black markers are 15 km up-glacier; red markers are near the terminus). Circles represent winter values, and triangles represent summer values, assuming the effective basal pressure can be estimated from the height above buoyancy. For the upglacier location, no change in height above buoyancy is observed (19) , and summer acceleration can only be explained by an increase in sliding parameter. For the terminus site, a small decrease in height above buoyancy is observed as a result of thinning (19) , but to explain the seasonal acceleration, the sliding parameter must also increase. Inferred changes in A s may be realistic, but another possibility, and perhaps more likely, is that the height above buoyancy does not accurately describe seasonal water pressure variations in the subglacial drainage system. Seasonal (and shorter) velocity variations are related to changes in subglacial water pressure, as has been observed or inferred on many mountain glaciers (20) (21) (22) . However, measurements of subglacial water pressure are rare. Direct observations in the ablation zone of the GrIS demonstrate the importance of spatiotemporal variability in water pressure in the subglacial drainage system (23) . Similarly, observations of Tasman Glacier in New Zealand show that velocity variations are linked to rain-induced variations in subglacial water pressure (24) . However, a simple relation between sliding speed and subglacial water pressure may not exist because expansion and contraction of subglacial cavities is driven by fluctuations in water pressure, rather than by water pressure itself (21, 22) . This conclusion is in agreement with observations of the Lauteraargletscher in Switzerland (25) , which show that sliding velocity is high when the water pressure is high, but the largest sliding velocities are attained when the water pressure is increasing. Our approximation of the sliding relation using height above buoyancy does not account for these important short-term variations in ice velocity but can explain larger-scale spatial and temporal patterns.
We show that the common form of the sliding relation (Eq. 1), as used in many prognostic numerical ice sheet models, does not apply to Greenland glaciers; the effect of basal drag on sliding velocity is virtually nonexistent. However, Eq. 1 was derived theoretically for the case of ice sliding over a hard bed, and there is ample evidence that Greenland glaciers largely flow over soft beds (26) (27) (28) (29) (30) . Relations that have been proposed for deforming beds also maintain the dependency of sliding velocity on basal drag to some power (31) (32) (33) (34) , based on viscous deformation of sediment overlain by relatively clean ice. Till is assumed to deform like a plastic material, supporting shear stresses up to a yield stress, given by the Mohr-Coulomb model for saturated till. Such models have been implemented in numerical flowline models for Antarctic ice streams (35, 36) , where Mohr-Coulomb relations seem to apply (31) . For example, basal drag on Whillans Ice Stream in West Antarctica is less than 5 kPa, indicating that the bed is unable to support any substantive shear stress. Our calculations do not support the existence of such an upper limit on Fig. 1 . Glaciers included in this study. Red polygons show the 140 marine-terminating glaciers that we analyzed. We used data extending from the grounding line up-flow to where seasonal velocity variability is <10%-on average, 15 km in length (supplementary materials). Jakobshavn Isbrae (JKB), Kangerdlugssuaq Glacier (KGL), and Helheim Glacier (HLM) are circled in blue.
basal drag for Greenland glaciers (t b varies from 0 to 400 kPa). Our results, therefore, are not compatible with the proposed sliding relations based on deforming sediments beneath Greenland glaciers.
Many studies highlight the complexity of bed deformation, especially where basal ice can infiltrate the soft bed, forming a layer of ice-infiltrated till (37) . Regelation infiltration observed under Engabreen, Norway, implies that increases in basal motion of the ice need not be accompanied by increases in basal drag, but rather may result from small changes in water-layer thickness (37) . On Hofsjökull Ice Cap in central Iceland, which is also underlain by soft sediments, the basal shear stress is independent of basal slip rate, and observed surface speed increases in areas of faster slip (38) . Glaciers in Greenland appear to behave similarly to these alpine glaciers. We posit that soft sediments effectively cover basal irregularities, reducing the bed roughness to (near) zero.
Numerical ice sheet models introduce a tunable sliding parameter to obtain agreement between modeled and observed velocities. Our results show that there is a strong relationship between height above buoyancy (effective pressure) and ice velocity; a tunable parameter is only needed to invoke short-term (seasonal) variations in sliding velocity, therefore only encompassing one main process (subglacial water pressure). In contrast, the original sliding parameter encompasses a range of different processes that affect both basal friction (e.g., bed roughness, till strength, and impurities in the ice) and subglacial water pressure and needs to be tuned to both large-scale patterns and short-term variations in time and space.
The full implications for model behavior of replacing the commonly used sliding relation (Eq. 1) with an equation of the form U s = A s N e -q are not evident. Similarly to Weertman sliding relations, this new relation does not apply at the grounding line, where effective pressure reaches zero (and consequently the sliding velocity becomes infinite). In this region, longitudinal stress gradients need to be invoked to achieve a smooth transition in ice speed. However, our findings suggest that Greenland glaciers flow over soft sediments where small variations in basal water pressure elicit immediate changes in basal slip. Basal roughness, or features that influence basal friction, do not influence sliding speed. It is imperative for the ice sheet modeling community to explore the impact that this new relation may have on predictions of sea level rise. 
